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Abstract : Severe natural disasters and man-made attacks such as terrorism are
causing unprecedented disruptions in power systems. Due to rapid climate change and
the aging of energy infrastructure, both the frequency of failure and the level of damage
are expected to increase. Resilience is a concept proposed to respond to extreme

disaster events that have a low probability of occurrence but cause enormous damage
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and is defined as the ability of a system to recover to its original function after a disaster.
Resilience is a comprehensive indicator that can include system performance before
and after a disaster and focuses on preparing for all possible disaster scenarios and

having quick and efficient recovery actions after an incident. Various studies have been
conducted to evaluate resilience, but studies on economic damage considering the
duration of a power outage are scarce. In this study, we propose an optimal algorithm
that can identify failures after an extreme disaster and restore the load on the
distribution system through emergency distributed power generation input and system
reconfiguration. After that, the cost of power outage damage is analyzed by applying
VoLL and CDF according to each restoration strategy.
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Fig. 1. Power outage causes for 140 worldwide outage data
from 1965 to 2012°,

Table 1. Reliability vs resilience”

Resilience

Low probability, high impact

Reliability
High probability, low impact

Adaptive, ongoing, short

Static and long term

Evaluates the power system states
and transition times between states

Evaluates the power
system states

Concerned with customer
interruption time and the
infrastructure recovery time

Concerned with customer
interruption time
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SAIDI(System Average Interruption Duration Indices),
CAIDI(Customer Average Interruption Duration Indices)
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Table 2. Load restoration strategies

Method Strategy

Method 1 System has no Tie Switch and no DG
Method 2 System has no Tie Switches but have DG
Method 3 System has Tie Switchs but no DG
Method 4 System has Tie Switch and DG
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Fig. 5. Distribution system multiple faults,
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Table 3. Result for Load Restoration for the IEEE 33-Bus
System

Strategy Load Supply Load Shedding Lgegcentige t(')f
Method DG sw MW MW] ’ r[iz,]om o
Method 1 N N 0.73 2.985 19.65%
Method2 Y N 1.84 1.875 49.53%
Method 3 N Y 1.695 2.02 45.63%
Method 4 Y Y 2.895 0.82 77.93%
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Fig. 7. Percentage of load restoration,

Table 4. Restoration strategy scenarios

Case Scenario

TI1~T2 : No restoration action
A case T3~T16 : Turn on the Tie-Switch
T5~T10 : Turn on the Distributed Generator
TI1~T2 : No restoration action
B Case T3~T16 : Turn on the tie-switch
T8~T13 : Tum on the distributed generator
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Table 5. CDF cost according to the duration of power outage'”

Duration (hr.) ~ Cost ($MW)  Duration (hr.)  Cost ($MW)
1 29.74 9 162.72
2 41.04 10 168.76
3 58.84 11 173.75
4 79.25 12 178.07
5 99.46 13 181.98
6 117.68 14 185.66
7 133.04 15 189.22
8 145.41 16 192.71
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Fig. 8. Applying the restoration strategy scenarios for the
method 4,
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Table 6, Outage cost of method 4 according to the restoration
strategy scenarios

Case Total load shedding ~ Cost y,; Cost cpp
[ MW ] [$] [$]
A Case 27.05 4,057 2,436
B Case 27.05 4,057 2,504
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Table 7. Outage cost of Bus 32 according to the restoration
strategies scenario — method 4

Cost ;1 Cost opp
[$] [$]
A B A B
Total load shedding 2.1 [MW]
Initial power outage cost 126 220.5 43.86 117.40
Re-Power outage cost 189 94.5 89.46 27.22
Total cost 315 315 133.32 144.62

Table 8. Outage cost of load restoration strategies according
to the scenario — IEEE 33—bus system

Total load Cost yrr Cost opp
Method shedding [$] [$]

(MW A B A B
Method 1 47.76 7,164 6,378 6,378
Method 2 41.1 6,165 4,712 5,043
Method 3 34.25 5,137 4,385 4,385
Method 4 27.05 4,057 2,436 2,504
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